A room temperature fulleride-based ionic liquid has been developed and characterized. Utilizing the trihexyl(tetradecyl) phosphonium cation, the ionic liquid [PC 6 C 6 C 6 C 14 ] 3 [C 60 ]Cl was synthesized, and distinctly shows spectroscopic characteristics of the [C 60 ] 2-anion. The glass transition of the ionic liquid occurs well below room temperature at -56°C, but it still retains an extremely high viscosity at room temperature. Attempts were made to obtain the pure fulleride salt [PR 4 ] 3 [C 60 ], but nearly always results in the binary fulleride-chloride salt.
Introduction
Room temperature ionic liquids (RTILs) continue to expand in their components, properties and applications as they attract attention from broader areas of chemistry and materials. Their significant advantages over conventional organic materials are due to their stability and versatile chemistry. Thus, they provide numerous opportunities to be developed as optical, electronic, and thermal materials. Herein we present a further example of the reach of ionic liquids -a room temperature fulleride-based ionic liquidthe first example of a solvent-free liquid fulleride. Alkali metal salts of the -3 anion of fullerene have shown superconductivity behavior at low temperatures.
1 Additionally, several organic and organometallic radical cations as salts with the fulleride radical anion [C 60 ]
.-have resulted in ferromagnetic materials at temperature up to 20K. 2 As the fulleride anions have been shown to have interesting magnetic and optical behavior, this ionic liquid fulleride presents a new media with which to develop into materials. Also, it may be possible to study the electronic nature of the fulleride anions as discrete, noninteracting species with larger cations present to isolate the anions. 2, 3 Due to the size of the fulleride anion, it is likely that smaller, symmetrical organic type cations, such as the imidazolium cations typically utilized in ionic liquids, would result in solid salts of the fulleride.
Therefore, a large, asymmetrical tetraalkylphosphonium [PR 4 ] + cation was utilized to induce room temperature ionic liquid formation. The [PR 4 ] + cations have been shown to yield RTILs with a vast array of anions, ranging from the simple halides to salts of very massive anions, such as the copper(phthalocyano)tetrasulfonate anion. 4 In the case of the trihexyltetradecylphosphonium cation [PC 6 C 6 C 6 C 14 ] + , there is only one example to date in which it forms a salt that has a melting point or glass transition above room temperature. Fullerides can be readily formed via reaction of the parent fullerene with a number of strong reducing agents, such as alkali metals, organometallics compounds, and thiols. The alkali metals are typically reductive enough that the fulleride anion formed is dependant on the stoichiometry of the metal to fullerene. 5 The metal fulleride salts are also typically soluble in less polar solvents, such as toluene and THF, and can therefore be extracted into these solvents as the heterogeneous reaction between solid metal and fullerene proceeds. Thiol chemistry is also useful in that the alkylthiolate anions, such as that from NaSCH 3 , have a reduction potential only sufficient to reduce the fullerene to the -3 anion. Therefore, an excess amount of the thiolate can be added to the reactionoften 20 or more equivalents -to obtain strictly the [C 60 ] 3-salt. 6 The [C 60 ] 3-was initially pursued due to it's interesting optical and superconductivity features with various cations. However, only the [C 60 ] 2-and in several instance the [C 60 ] 1-has been identified in these fulleride-based ionic liquids.
Synthesis and Characterization

Synthesis
The reduction of fullerene, C 60 , was first performed with cesium metal in THF under an inert atmosphere at room temperature, Equation [1] . The cesium fulleride salts are soluble in THF, therefore the reaction solution was filtered to remove unreacted Cs metal and fullerene. The cesium fulleride solution was then reacted by metathesis with trihexyltetradecylphosphonium chloride, [PC 6 C 6 C 6 C 14 ]Cl, in THF; the resulting reaction solution was filtered to remove the CsCl formed, and the solvent evaporated. The resulting salt was characterized as [PC 6 C 6 C 6 C 14 ] 3 [C 60 ]Cl, and is a highly viscous liquid at room temperature. It is not completely understood why the -2 anion of the fulleride is obtained in the final product, however this is supported by several methods of characterization, as discussed later. Repeated attempts to obtain [C 60 ] 3-as the pure [PC 6 C 6 C 6 C 14 ] 3 [C 60 ] were unsuccessful, resulting in the -2 fulleride anion in every case.
As the reduction of fullerene with thiols has been shown to yield the [C 60 ] 3-, 6 reactions were carried out using an excess of NaSCH 3 with fullerene in acetonitrile Equation [2] . The reaction solution was then filtered to remove unreacted NaSCH 3 and fullerene, reacted with an acetonitrile solution of [PC 6 C 6 C 6 C 14 ]Cl, the solvent removed. The resulting solid was then redissolved in THF to extract the fulleride ionic liquid, filtered to remove NaCl, and the solvent evaporated. This reaction also appears to yield the [PC 6 The -2 charge of the fulleride and ionic formula of the salts were determined by spectroscopic and elemental analysis methods (vide infra). It appears that underreduction of the fullerene occurs, and that attempts using up to 3.1 equivalents of cesium metal still result in the ionic liquid containing [C 60 ] 2- . It has been previously suggested that metal reductions of fullerene sometimes yield under-or overreduced products, 7 and it appears this is the case with the synthesis of the fulleride ionic liquids as well.
Characterization
The visible/near-IR spectra of most of the fulleride RTILs show a broad absorption in the visible region <600nm (> ~17000 cm -1 ); in the NIR, the fulleride has absorptions at 826, 945 and 1305 nm (12100, 10580, and 7660 cm -1 ), Figure 1 and Table 1 The mid-IR spectrum of the salt shows [C 60 ] 2-absorptions at 1375, 1184, 1070, 572 and 520 cm -1 . All except the 1070 band are IR-active and have been reported for fulleride dianions previously. However, the IR absorptions are less sensitive to fulleride charge than the electronic transitions, and therefore not as diagnostic of fulleride charge as the visible/near-IR spectra. 7a All of the IR and NIR absorptions shift or disappear upon exposure of the sample to air for several seconds to minutes. Raman data could not be obtained due to fluorescence of the fulleride salt at the laser wavelength used in our instrument. 
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NMR 13 C spectroscopy of the fulleride salts in d 8 -THF at 20°C displays a singlet peak at 183ppm with a line width (FWHM) of 1.5ppm, Figure 2 . This chemical shift as well as the broadness of the peak are indicative of the dianion, which typically occurs at 182ppm with a line width of 2ppm. 7a,8a,9 The linewidth is due to slight paramagnetic impurities, such as the monoanion or trianion, and dimer radical anions which are common in fulleride salts. Additionally, there may be a slight population of the magnetic triplet state of the dianion at room temperature, though the existence of a triplet state is still under investigation by a number of research groups. The EPR spectrum of the sample in THF at room temperature shows a sharp peak at g = 2.001, Figure 3 , which has been previously ascribed to S = ½ impurities formed during the synthesis that cannot be removed.
10 At 75K, two broad absorptions are observed with peak widths of 12 G and 30 G. These peaks have been previously reported for many fulleride dianion salts, and has been suggested to be due to zero-field splitting of the S = 1 triplet state. 5a However, there is still much debate regarding the origin of these signals, and there is strong evidence suggesting that the -2 fulleride anion is diamagnetic at both low and room temperatures, and that these absorptions could be due to a number of potential impurities formed during the reduction of fullerene. 10 The neat RTIL at room temperature shows a sharp peak (ΔH = 5 G), probably due to impurities, and a very broad absorption (ΔH = 50 G). The broad signal disappears immediately upon exposure to air, but yields a new radical species (ΔH = 10 G) which has not yet been characterized. The spectroscopic properties suggest that most of the fulleride in the RTIL is present as the -2 anion. Unfortunately the synthetic procedure provides no way to extract from the product any of the excess 3 equivalents of the [PC 6 C 6 C 6 C 14 ]Cl used in the metathesis step, so there is ambiguity regarding the composition of the product. It is likely that there is one chloride anion per formula unit for charge balance, since Cl -is the only nonfulleride anion in the reaction mixture. Therefore elemental analysis was performed to determine not only carbon and hydrogen content, but chloride content as well. For the formula [PC 6 C 6 C 6 C 14 ] 3 [C 60 ]Cl, the expected composition is 84.84% C, 9.35% H, and 1.61% Cl; experimental analysis showed 85.11% C, 9.36% H, and 1.38% Cl. Many other phosphonium based RTILs which are synthesized through metathesis reaction with the [PC 6 C 6 C 6 C 14 ]Cl starting material typically have less than 0.01% Cl content as measured through elemental analysis or ICP-AES experiments. The melting point/glass transition of the RTIL was measured using low temperature differential scanning calorimetry (DSC). Upon warming the sample from its frozen state (at -90°C), a glass transition is seen at -56°C, Figure 4 . This is higher than the T g of the starting material [PC 6 C 6 C 6 C 14 ]Cl of -65°C, suggesting that the RTIL may be a syntectic composition of the [PC 6 C 6 C 6 C 14 ] 2 [C 60 ] + [PC 6 C 6 C 6 C 14 ]Cl common ion binary salt. The RTIL does supercool on cooling from RT to -80°C, as seen in the onset of the glass transition at -60°C. This transition does shift with varying cooling rates. We have never seen a liquid-solid or solid-liquid phase transition, which is consistent with the propensity for supercooling in ionic liquids with tetraalkylphosphonium cations. Due to the air-sensitivity of the fulleride RTIL, TGA measurements were not performed on the salt. However, the crude product isolated from the reaction was dried under vacuum at 90°C. The dried RTIL shows no change in the visible, NIR and IR absorptions as compared with the undried product, and therefore appears to be stable up to at least 90°C.
Conclusion
In conclusion, we have presented the first example of a room temperature solvent free liquid fulleride, which is a liquid from -56°C up to 90°C and possibly higher. It is in the form of a common-ion binary salt [PC 6 C 6 C 6 C 14 ] 2 [C 60 ] + [PC 6 C 6 C 6 C 14 ]Cl. This is also the first example of an RTIL which contains fulleride as a primary component. With the broad utility of fullerenes and its ionic states for optical, magnetic and electronic applications, there is great potential for the utilization of a liquid form of these materials.
